The N 2 Temperature of Vibration (NTV) instrument was developed to study energetics and structure of the lower thermosphere, applying the Electron Beam Fluorescence (EBF) technique to measurements of vibrational temperature, rotational temperature and number density of atmospheric N 2 . The sounding rocket experiments using this instrument have been conducted four times, including one failure of the electron gun. Aerodynamic effects on the measurement caused by the supersonic motion of the rocket were analyzed quantitatively using three-dimensional simulation of Direct Simulation Monte Carlo (DSMC) method, and the absolute density profile was obtained through the correction of the spin modulation.
Introduction
The lower thermosphere (90-150 km) is a transition region in which many important physical and chemical processes are known to change dramatically. An in situ temperature measurement is important for understanding the complex dynamics and energetics in the lower thermosphere. For example, generation mechanism of large vertical winds (more than a few 10 m/s) and temperature enhancements (more than 70 K) associated with auroral activity in the polar lower thermosphere is still unexplained (Kurihara et al., 2009) .
Since the Earth's upper atmosphere is a non-equilibrium plasma, the neutral gas, the ions, and the electrons are generally all at different temperatures. Each of these temperatures is a measure of the translational kinetic energy associated with the random motion of the particles. Vibrational and rotational temperatures of molecules characterize the internal energy associated with molecular vibration and rotation, respectively. These internal energies are converted into the translational energy through inelastic collisions with molecules and atoms, and therefore the characteristic time of the internal-translational energy relaxation depends on the collision frequency. In the lower thermosphere, the rotational temperature (T r ) is expected to be equal to the kinetic temperature (T k ) because of the rapid rotational relaxation, and many techniques infer T k from T r of the atmospheric molecules. On the other hand, the vibrational temperature (T v ) may differ from T k because the vibrational relaxation is relatively slow, and the vibrational energies of the molecules are thought to deviate from local thermal equilibrium (LTE) in the lower thermosphere. The enhanced T v can influence the ionospheric electron temperature through inelastic collisions between electrons and molecules. In turn, the change in electron temperature re- Copyright c TERRAPUB, 2013. sults in a change in electron density, due to the electron temperature dependence of the rate coefficient for the dissociative recombination of ions.
A method of measuring T v , T r , and number density of molecules using the Electron Beam Fluorescence (EBF) technique has been widely used in the field of rarefied gas dynamics for over 50 years (Gochberg, 1997) . The EBF technique uses a high-energy electron beam to excite (and often ionize) a gas molecule from a ground state to an excited electronic state by an inelastic collision with an electron. This electronic transition is sufficiently faster than a nuclear motion and hence vibrational and rotational temperatures of the gas are invariant through the electron impact. This is called the Franck-Condon principle (Herzberg, 1971) . Subsequent emission of a photon from the excited molecule is called fluorescence. The fluorescence spectrum consists of many vibrational bands, and each band has a fine rotational structure that depends on the vibrational and rotational temperatures of the excited molecules. As a consequence, the spectral measurement of the fluorescence provides the vibrational temperature, the rotational temperature, and the number density of the molecular gas in the ground state.
The first laboratory measurement of temperature using the EBF technique was performed in N 2 gas by Muntz (1962). deLeeuw and Davis (1972) applied the EBF technique for in situ measurement of N 2 T r in the lower thermosphere for the first time and built an instrument onboard a sounding rocket using an electron gun to excite and ionize ambient N 2 and two channel photomultipliers to detect the fluorescence from N + 2 . Around the same time, the first in situ measurement of N 2 T v has been done in aurora by O'Neil et al. (1974) using a rocket-borne instrument that had an electron gun and four photometers. More than 20 years later, Kawashima et al., (1997 Kawashima et al., ( , 1999 improved the instrument of O'Neil et al. (1974) and obtained a continuous spectrum using a grating spectrometer with a linear image sensor. They measured T v and T r simultaneously using this instrument named "N 2 Temperature of Vibration" (NTV) onboard a sounding rocket S-310-24 over 100-160 km altitude range from Kagoshima, Japan. Kurihara and Oyama (2005) have improved NTV further and conducted sounding rocket experiments in Japan and Norway (Table 1) .
In this paper, we reviewed the method of measurement and the development of the NTV instruments. We also mentioned a numerical simulation and future improvements for more reliable measurements.
Method of Measurement
The most prominent spectral feature of N 2 fluorescence induced by the EBF technique is the (0, 0) vibrational band of the N + 2 first negative (1N) system at 391.4 nm, which Fig. 2 . The vibrational-rotational band spectra of the fluorescence can be calculated theoretically as a function of T v , T r , and density, using optical selection rules and transition probabilities for the excitation-emission process (Kurihara, 2004) . As an example of such a calculation, Fig. 3 shows a theoretical spectrum of rotational lines in the N + 2 1N(0, 0) band calculated at T r of 300 K.
In a typical laboratory experiment, each rotational line is resolved spectrally with a high resolution (<0.03 nm) spectrometer, and T r can be determined from the intensities of the rotational lines using a simple procedure, called the Boltzmann plot. In a special application to low-intensity or short-duration fluorescence, such as a flight experiment, unresolved spectrum is measured with a low resolution (>0.1 nm) instrument, and the determination of T r requires a more complicated procedure; the measured spectrum is compared with a "synthetic spectrum", which is reproduced by computations. The synthetic spectrum is calculated for the resolution of the instrument, by convoluting each rotational line with an instrument function of the instrument. The instrument function is obtained from the measurement of the 404.66 nm mercury line. As an example, Fig. 4 shows the synthetic spectra of the N + 2 1N(0, 0) band convoluted with the instrument function of NTV whose full width at half-maximum (FWHM) is about 1 nm. As T r increases, more rotational lines are excited and population of the higher rotational levels increases relatively. As a result, the convoluted spectrum changes its shape and extends to the shorter wavelength. In general, T v is determined by measuring the relative intensities of different vibrational bands. The 1N(0, 1)/1N(1, 2) vibrational band pair is one of the most used pair for the analysis in N 2 gas, because the intensities of these two bands are prominent in the fluorescence spectra, and furthermore, their ratio is a sensitive indicator of vibrational temperature. Other band pairs are also available but not suitable for the flight experiment due to the low intensities. Figure 5 shows the synthetic spectra of the 1N(0, 1)/1N(1, 2) band pair convoluted similarly to Fig. 4 but for various T v . As T v increases, more vibrational levels are excited and population of the higher vibrational levels increases relatively. As a result, the intensity ratio of the 1N(0, 1)/1N(1, 2) band pair decreases with T v . Each band pair has sensitivity to T v in a different range. In case of the 1N(0, 1)/1N(1, 2) band pair, the intensity ratio change is small below 800 K and above 2500 K, and hence this band pair is useful only between 800 and 2500 K for T v determination.
The number density of molecules is determined from the u ) is about 100 ns, and this means the collisional quenching has little influence on the density measurement up to 10 16 molecules cm −3 , which is equivalent to the atmospheric density at an altitude of 55 km. The number density measurement requires careful laboratory calibration of the measuring instrument. Since the absolute intensity depends on vibrational and rotational temperatures, the temperature correction of the number density is needed for the flight experiments in which the temperature varies significantly during the measurement.
Instruments

The first version: NTV-1
Applying the EBF technique to a rocket-borne instrument, the Japanese first instrument, NTV-1, was developed in the mid-1990s (Kawashima et al., 1999) . The instrument consists of two parts: an electron gun to excite and ionize ambient N 2 and a sensitive spectrometer to detect the fluorescence of the N + 2 1N system. Figure 6 shows a schematic diagram of the instrument installed in the payload section at the top of a sounding rocket. The electron beam from the electron gun is emitted in a direction perpendicular to the rocket axis and the line of sight of the spectrometer is tilted away from the rocket axis, thus the measurement volume is located at the intersection of the electron beam and the field of view of the spectrometer. A beam collector supported by the boom collects the electron beam. The collector is used as a return electrode because serious charging up of the rocket body potential is caused without it. Many secondary electrons are produced by the electron beam impact on the surface of the collector and they induce unwanted fluorescence of the N 2 2P system. Therefore, the measurement volume is set up in order to avoid the vicinity of the collector. The electron gun (Fig. 7) is a conventional type composed of three electrodes: cathode to emit electrons, grid to control the electron flow, and anode to accelerate the electrons. The cathode of a tungsten filament is heated by a DC current and emits electrons. The grid is maintained at a negative potential with respect to the cathode to keep the electrons bunched together. A small opening is located in the center of the grid, and the electrons are pulled through it and accelerated by a high potential applied between the cathode and the anode. The applied potential should be sufficiently high (∼1 kV) to shorten the duration of the interaction between the incident electron and molecule. After passing through a hole in the anode, the electrons form a high-energy beam, but only a small fraction of electrons collides with gas particles before collected by the beam collector. The beam collector is a simple Faraday cup, which has a potential of 100 V. A mesh at a potential of 50 V is attached in front of the collector. This means the mesh has a potential of −50 V with respect to the collector in order to capture as many secondary electrons as possible.
Until just before the flight experiment, the electron gun is sealed in a small vacuum chamber to avoid contamination such as water vapor. The contamination can trigger electrical discharges with the application of a high voltage. The cap of the chamber is opened after the rocket reaches a sufficiently high altitude (>85 km). During the flight, real-time status of the electron gun is monitored: the applied voltage to the anode, the current of the heater, the current of the total emission, and the current of the collector and mesh. The current of the cap and the pressure inside the chamber are also measured to confirm the opening of the cap.
The schematic diagram of the spectrometer is shown in Fig. 8a . The fluorescence emission passing through an optical filter enters an objective lens and focuses onto a slit. The optical filter is served to cut off shorter wavelength light and eliminate the higher orders of diffraction from the observed spectrum. The light from the slit is diffracted by a concave reflection grating of flat-field type with a reciprocal linear dispersion of 4.5 nm/mm, and collimated on a photocathode of an image intensifier. Figure 9 shows the block diagram of the detector system. In the image intensifier, the photocathode converts light into photoelectrons, a microchannel plate (MCP) multiplies electrons, and a phosphor screen reconverts electrons into light again. The amplified light is transferred through a fiber optic plate (FOP) to a linear image sensor with high efficiency and low distortion, and the spectral data are obtained at certain intervals. Since the high voltage is applied to the image intensifier, the detector instrument is sealed in the chamber that is kept at the pressure of 1 atm to avoid electrical discharge. The output of the analogue signal from the image sensor is amplified and converted into digital signal, and then accumulated in a first-in first-out (FIFO) memory. As the number density of N 2 decreases rapidly with altitude during the flight (from 1 × 10 13 cm −3 at 100 km to 3 × 10 10 cm −3 at 150 km al- titude), the amplifier is adapted to the dynamic range of the signal (1: 300). The gain of the amplifier is designed to be changed around 120 km altitude from low mode to high mode during the ascent of the rocket flight and high mode to low mode during the descent.
The later versions of NTV
The most important factor for the improvement of this instrument is the sensitivity. For the purpose of increasing the sensitivity, many aspects of NTV-1 have been improved, and then the new version, NTV-2 was designed by Kurihara and Oyama (2005) . Figure 8b is an overall view of NTV-2. The major improvements are as follows: (1) A beam current of the electron gun is increased from 2.5 mA to 12.5 mA to excite more molecules, (2) diameter of the objective lens in the spectrometer is doubled to increase the intensity of light, and (3) the number of mirrors in the spectrometer is decreased from four to one in order to reduce the attenuation of the incident light. These improvements significantly enhanced the sensitivity of the instrument. The total improvement factor of the sensitivity finally reached 27.4 by these improvements; thus the S/N ratio of NTV-2 is about five times higher than that of NTV-1.
Only minor improvements were incorporated in NTV-3. The diameter of the objective lens in the spectrometer was returned to 50 mm to reduce the overall size and weight of the instrument. This instrument was planned to be launched during aurora activity in Norway, a new optical band-pass filter was used to prevent the measurement from contamination by intense auroral emissions at 557.7 and 630.0 nm. The gain change of the amplifier was eliminated by adding low and high mode outputs separately to the telemetry data.
The design of the latest version, NTV-4, is almost identical to the design of NTV-3. Only the cap of the electron gun chamber was removed to reduce the size and weight. Unfortunately, NTV-4 failed to conduct the observation in Norway. The spectrometer and electronics were working normally after the launch, but the heater current would not flow in the filament of the electron gun and therefore the electron beam was not emitted. The analysis has narrowed down the cause of this failure to the heater cable disconnection or the filament disconnection. 
Preflight calibrations
A rocket-borne instrument undergoes a wide variety of tests to check and verify its performance before the launch. Preflight calibrations in the laboratory to determine precision and accuracy of the instrument is the most important test for the measurement by a non-recoverable sounding rocket. The following preflight calibrations are described in more detail by Kurihara and Oyama (2005) .
Spectral sensitivity of the NTV spectrometer was calibrated using an integrating sphere system at the National Institute of Polar Research (NIPR), Japan. Spectral sensitivity calibration provides a relationship between the measured spectrum and the incident spectrum, using the known spectral radiant intensity of the integrating sphere system. It is crucial to determine T r from the measured spectrum by comparing with the synthetic spectrum. The sensitivity has a peak at around 430 nm, which is mainly due to the quantum efficiency of the photocathode.
Calibration of T r and number density was done in a space chamber at the Institute of Space and Astronautical Science (ISAS/JAXA). The chamber has a cylindrical shape with a diameter of 2 m and length of 3 m, and the N 2 gas pressure inside the chamber is measured by an ionization gauge. Figure 10 shows a picture of the electron beam emission from NTV-2 in the chamber at the N 2 density of 6 × 10 12 cm −3 . In the space chamber experiment, T r is expected to be close to the room temperature and, in fact, the measured T r were around 300 K. The N 2 gas pressure inside the chamber is difficult to control at a density lower than 2 × 10 11 cm −3 , and the effect of secondary electrons is prominent in the spectrum at a density higher than 6 × 10 12 cm −3 . Between these density limits, a linear relationship between the number density and the band intensity is obtained and the conversion factor derived from this linear relationship is applied for the number density measurement in the flight experiment. The uncertainty of a single T r measurement is ±10 K at the N 2 density of 6 × 10 12 cm −3 , and increases gradually with a decrease in density. For the flight experiment data, the spectra are grouped into altitude bins so that the summed spectra have comparable intensity and error. As a result, the rotational temperature measurements have different vertical resolution with altitude. Fig. 11 . The altitude profile of T r measured by NTV-2. The dotted line shows kinetic temperature from the MSIS model (Kurihara et al. 2003) .
Calibration of T v utilized a special apparatus that makes vibrationally excited N 2 gas with T v of up to 2000 K. The N 2 gas which stagnates at the pressure of 90 Pa in the small cylindrical cell is heated by a tungsten filament and the temperature of the heated N 2 gas in the cell is measured by a thermocouple. The heated N 2 gas ejected through an orifice of 6 mm diameter into the space chamber at about 0.01 Pa is measured by the EBF technique with the NTV spectrometer. The kinetic and rotational temperatures of the gas are immediately cooled down after the ejection owing to rapid relaxation of the kinetic and rotational energies. On the other hand, the relaxation time of the N 2 vibrational energy after the ejection is estimated to be 1 × 10 2 s for 800 K and 4 × 10 3 s for 2000 K, and thus the measured T v is supposed to be approximately equal to the gas temperature before the ejection. A comparison between T v measured with NTV and the gas temperature measured with the thermocouple shows in good agreement within a few hundred kelvin. Kawashima et al. (1997 Kawashima et al. ( , 1999 ) measured vibrational temperature and rotational temperature using NTV-1. The observed rotational temperature nearly followed the Mass Spectrometer Incoherent Scatter (MSIS) model, but showed the wavy structure in altitudes. The deviation from kinetic temperature of the MSIS model was at most about 100 K. Below 110 km, the effect of the secondary electrons is a major source of error in the determination of vibrational temperature. Above 120 km, no significant lower limit was obtained due to the low sensitivity of the system. Although meaningful data were given only between 110 and 120 km, the observed vibrational temperature shows that N 2 is not vibrationally excited during the nighttime in the low solar activity period. Kurihara et al. (2003 Kurihara et al. ( , 2004 has improved not only the rocket-borne instrument but also the algorithm for the analysis. These improvements overcome the serious problems in the earlier measurement by Kawashima et al. (1999) and T v , T r , and number density of atmospheric N 2 between 100-150 km altitudes were successfully obtained by the improved instrument NTV-2 (Fig. 11) . The measured T v is about 750 K at 100 km altitude and higher than the kinetic temperature for all altitudes. It is interesting to note that the measured T r and number density significantly deviate from the MSIS model and the largest differences reach 150 K increase in temperature and 50% decrease in density at the 115 km altitude. Aerodynamic effects have been one of the biggest problems to prevent accurate in situ measurement in rocket experiments. Kurihara et al. (2006a) quantitatively analyzed the result obtained by NTV-2 using numerical simulations applying the Direct Simulation Monte Carlo (DSMC) method. They provide the first quantitative analysis of spin modulation using a full 3D simulation of the flow around sounding rocket. Clear spin modulations in the lower thermospheric N 2 density are simulated using the rocket attitude and velocity, the simplified payload structure, and the approximated atmospheric conditions (Fig. 12) . Comparison between the observed and simulated spin modulations show a very good agreement within 5% at around 100 km. The results of the simulation are used to correct the spin modulations and derive the absolute densities in the background atmosphere.
Results Obtained by the NTV Instruments
In order to measure the lower thermospheric temperature during auroral disturbances, NTV-3 onboard the S-310-35 sounding rocket was launched from Andøya, Norway, during the Dynamics and Energetics of the Lower Thermosphere in Aurora (DELTA) campaign (Kurihara et al., 2006b (Kurihara et al., , 2009 ). The local temperature enhancement derived from the difference between the observed T r and the MSIS model neutral temperature were 70-140 K at 110-140 km altitude. However, the temperature increase rate derived from the estimated heating rates cannot account for the tem-perature enhancement below 120 km.
Based on the success of the DELTA campaign, the DELTA-2 campaign was conducted in Norway. As mentioned before, NTV-4 failed to emit the electron beam and no temperature data was obtained from the sounding rocket experiment.
Remaining Problems and Future Improvements
The greatest advantage of the NTV instrument is that T v , T r , and number density are simultaneously measured in the lower thermosphere. However, there are many disadvantages; size, weight, power consumption, and cost of the instrument. If the spectrometer of NTV is replaced by photometers with narrow band-path filters, the size, weight and cost of the instrument will be significantly reduced while the accuracy of temperature determination will also be reduced. The failure of NTV-4 suggests that the electron gun system should be redundant. The tungsten filament in the electron gun is vulnerable to mechanical stress and can be gradually oxidized in the atmosphere. The problem is that it is difficult to predict the lifetime of the tungsten filament, as that of a filament bulb. It will be possible to use some laser induced fluorescence techniques instead of the EBF technique in the future, but there is no effective way to be applied to a flight experiment at this time.
